Relaxation of the corpus cavernosum smooth muscle is an absolute prerequisite for penile erection. Potassium channels play a role in the physiologic regulation of corporal smooth muscle tone. In spite of the physiological importance of K ATP channel in the modulation of corporal smooth muscle tone, there is a shortage of information available about the K ATP channel subtype(s) present in the corporal smooth muscle. The purpose of this study was to investigate the subunit type of K ATP channel, that is, the combinations of the Kir subunit and the SUR subunit in the human corporal smooth muscle and determine whether the electrophysiological kinetics and pharmacological properties of K ATP channels meet the subunit characteristics of the ion channel. We used cultured human corporal smooth muscle cells. To determine the presence of Kir and SURs subunits, RT-PCR was performed using Kir6.1, Kir6.2, SUR1, SUR2A, and SUR2B gene-specific primers. For electrophysiological recordings, the whole-cell, inside-out, and cell-attached configurations of the patch-clamp technique were used. We observed transcripts for Kir6.1, Kir6.2, and SUR2B in mRNA isolated from smooth muscle cells of cultured human corpus carvernosum. We recorded the unitary K ATP channel under the condition of intracellular and extracellular 140 mM [K + ], and the slope conductance of the channel was 42.0 7 2.6 pS which is an intermediate conductance between that of either Kir6.1 or Kir6.2. The pinacidil (10 lM) increased the magnitude of the outward K + current (214.6 7 89.2%, n ¼ 12, Po0.05), which was blocked by the subsequent addition of the specific K ATP channel subtype selective blocker, glibenclamide (10 lM). The SIN-1(200 lM) induced increases in whole-cell outward K + currents (126.0 7 1.4%, n ¼ 4). The increased currents by SIN-1 were inhibited by glibenclamide (10 lM). We are the first to show that K ATP channel in human corporal smooth muscle is composed of Kir6.1-Kir6.2 construct expressed with SUR2B by RT-PCR. These findings, taken together with the electrophysiological results, suggest that K ATP channel in corporal smooth muscle cells is composed of heteromultimers of Kir6.1 and Kir6.2 with the ratio of 3 : 1 or 4 : 0 and SUR2B.
Introduction
Potassium channels of the ATP-sensitive family (K ATP channel) are inhibited by increases in intracellular ATP and activated by MgADP, thereby coupling cellular excitability and potassium fluxes to cell metabolism. Adenosine 5 0 -triphosphate-sensitive potassium (K ATP ) channels are widely distributed in a variety of tissue and cell types, where they couple intracellular metabolic changes to the electrical activity of the plasma membrane, thus playing an important role in both physiology and pathology. Electrophysiological studies have shown that the kinetics and pharmacological properties of K ATP channels vary among different tissues, 1 suggesting structurally and functionally distinct types.
In the corporal smooth muscle of the penis, potassium channels play key roles in determining smooth muscle tone and also serve as targets for neurotransmitters and other messengers that act on smooth muscle. Among the several subtypes of potassium channels, the calcium-sensitive (K Ca ) and K ATP channel subtypes are thought to be the most physiologically relevant in human corporal smooth muscle. 2, 3 The K ATP channels are the target of a number of vasoactive factors and are involved in regulating basal blood flow in response to metabolic demand. 4, 5 With respect to their physiological role in penile erection, pharmacological studies demonstrated that K channel activators could relax corporal smooth muscle. 6, 7 Furthermore, pharmacological studies with human isolated corporal tissue strips from diabetic patients have shown a significant decrease in the relaxation responses to K ATP channel modulators such as pinacidil and levcromakalim. Such observations provide evidence for the physiological importance of K ATP channel not only in the modulation of corporal smooth muscle tone, but also as putative targets of disease. These studies suggested that K ATP channel might be an important target to elucidate the physiology and pathology of erectile dysfunction (ED) and to develop new treatments of ED.
K ATP channels are thought to be composed of two proteins: (i) an inward-rectifying K + channel subunit (Kir; serving as the channel pore) and (ii) a sulfonylurea receptor (SUR). In smooth muscle cells, various combinations of the Kir subunit and the SUR subunit have been shown to reconstitute the functionally diverse K ATP channel currents. In the corporal smooth muscle, there is no report about the structure of K ATP channel. Furthermore, there is still a shortage of information available about the K ATP channel subtype(s) present in this tissue. The present study was designed to investigate the type of subunits, that is, the combinations of the Kir subunit and the SUR subunit in the human corporal smooth muscle, and determine whether the electrophysiological kinetics and pharmacological properties of K ATP channels meet the type of subunits.
Material and methods

Explant cell cultures
All studies were performed according to a protocol approved by the Internal Review Board of Sungkyunkwan University School of Medicine/Samsung Medical Center. Human erectile tissue was obtained from the corpus cavernosum of patients undergoing surgery for implantation of penile prostheses. Homogeneous explant cell cultures of human corporal smooth muscle cells were prepared as previously described. 8, 9 Briefly, radial sections approximately 3 Â 3 Â 10 mm were excised from the mid-penile shaft of each patient; these specimens consisted exclusively of smooth muscle, endothelium, and connective tissue, with occasional nerve fibers. Tissue was washed, cut into 1 to 2-mm pieces, and placed in tissue culture dishes with a minimal volume of Dulbecco's medium (DME; GIBCO) with 20% fetal calf serum (FCS). After the tissue was allowed to attach to the plate (usually 1-2 days), additional medium was added. Smooth muscle cells migrated from the explant and underwent division. Cells were subsequently detached using a trypsin/ethylenediaminetetraacetic acid (EDTA) protocol to establish secondary cultures from the explants. These cultures were morphologically homogeneous, and furthermore, we did not observe cobblestone morphologies characteristic of endothelial cells or the very flattened and spread out shapes characteristic of fibroblasts. Cellular homogeneity was further verified by the presence of smooth muscle specific a-actin immunoreactivity. Cultures were maintained for no more than four passages; importantly, during this time all measured pharmacological and molecular properties observed in the intact tissue were retained in the culture; for example, cAMP formation, calcium mobilization, expression or function of the gap junction protein connexin43.
Electrophysiological recordings
The whole-cell and nystatin perforated patches were used for recording the membrane currents and membrane potentials. Inside-out and cell-attached configurations of the patch-clamp technique were used for single-channel recordings. The patch electrodes were made from borosilicate glass capillary tubing (World Precision Instruments, Sarasota, FL, USA) and had resistances of 3-5 MO. The cell suspension was placed in a small chamber (0.6 ml) on the stage of an inverted microscope (TMD Diaphot, Nikon, Tokyo, Japan). Experiments were performed using a patch-clamp amplifier (Axopatch-lD, Axon Instruments, Foster City, CA, USA). Current signals were filtered at 1 kHz, digitized by an AD converter (TL-1, Axon Instruments), and analyzed on a personal computer using the pCLAMP software (version 6.0.2, Axon Instruments). The voltage-clamp experiments were performed by applying both ramp pulses and step pulses.
The liquid junctional potential between the pipette solution and Tyrode solution was only about 3 mV, and it was not corrected. Series resistance (about 6-10 MO) and capacitative currents also were not compensated, because the cell size and measured currents were relatively small. Since the average amplitude of outward current (at 0 mV) was ca 250 pA (in the presence of pinacidil), voltage errors due to the uncompensated series resistance were less than 2.5 mV. In each experiment, wholecell configuration was not performed until the seal resistance became larger than 5 GO.
The membrane capacitance was determined from the current amplitude elicited in response to hyperpolarizing voltage ramp pulses from a holding potential (HP) of 0 to À5 mV (duration 25 ms at 0.2 V/s); this procedure avoided interference by any time-dependent ionic currents. The average cell capacitance was 35.372.6 pF (n ¼ 44).
RNA preparation and reverse transcriptionpolymerase chain reaction (RT-PCR) analysis
Total RNA was extracted from cultured human corporal smooth muscles using SNAP Total RNA Isolation Kits (Invitrogen, Carlsbad, CA, USA) following the instructions of the manufacturer. First-strand cDNA was synthesized from the RNA preparations with a Superscript II RNase Transcriptase kit (Gibco BRL, Gaithersburg, MD, USA); RNA (1 pg) was reverse transcribed by using Random hexamers (50 mg/ml). To perform nested PCR, the following sets of primers were used: Kir6.1 forward, nucleotide (1-18, 19- , and RNase-free water to a final volume of 50 ml. The reaction occurred in a Perkin-Elmer Themal Cycler under the following conditions: an initial denaturation at 941C for 4 min, followed by 40 cycles at 941C for 30 s, 521C for 30 s, 721C for 1 min, with a final extension step at 721C for 7 min. A volume of 5 ml of the first-round PCR product was then added to a new reaction mixture containing all the components listed above except for second sense and antisense primers (20 mM), and 40 additional cycles of PCR were then performed. PCR products were separated by 2% agarose gel electrophoresis. The sets of primers for Kir6.1, Kir6.2, SUR1, SUR2A, and SUR2B were predicted to yield 342, 804, 604, 766, and 766 bp products, respectively. Two sets of negative control experiments were performed by including primers, but no cDNA, or by including primers with RNA that had not been reverse transcribed (no reverse transcriptase added). To confirm Kir6.2, PCR products of Kir6.2 were cloned into pGEM-T Easy vector (Promega, Madison, WI, USA) and subjected to sequencing using an ABI PRISM 310 automated sequencer (Perkin-Elmer, Shelton, CT, USA). To confirm Kir6.1 and SUR2B, PCR products of Kir6.1 and SUR2B were digested with Pst1. PCR product of Kir6.1 was digested into 230 and 112 bp, and PCR product of SUR2B into 220 and 546 bp, as expected from the nucleotide sequences of Kir6.1 and SUR2B.
Primers were designed with the aid of the designer program 'Primer3' at http://www-genome.-wi.mit.edu/cgi-bin/primer/primer3.cgi using the corresponding human mRNA sequences. The specificity of the primers for the target gene was checked against the databases using 'Fasta3' at http:// www2.ebi.ac.uk/fasta3/ and primers were checked for hairpin loops and palindromes using the Cybergene Utility at http://www.cybergene.se/primer.html. The oligonucleotides were synthesized by Bionics, Seoul, Korea.
Drugs and solutions
The following solutions were used for whole-cell recording. The bath (external) solution used to measure K ATP currents contained (in mM): 80 NaCl, 60 KCl, 1 MgCl 2 , 0.1 CaC1 2 , 10 glucose, and 10 HEPES, pH 7.4 with Tris base. A low-K + (5 mM) solution was prepard by replacing NaCl with an equimolar concentration of KCl. The pipette (internal) solution contained (in mM): 102 KCl, 38 KOH, 10 NaCl, 10 EGTA, 0.1 ATP, 0.1 ADP, 0.2 GTP, 10 glucose, and 10 HEPES /Tris(pH 7.2). For singlechannel recordings (cell-attached configuration and inside-out patches), the composition of both the pipette and the bath solution was the same (in mM): 140 KCl, 5 EGTA, 5 glucose, and 10 HEPES /Tris (pH 7.35-7.4). The activity of voltage-dependent and Ca 2+ -activated K + channels was minimized by measuring the currents at negative membrane potentials (À60 mV), and 100 nM charybdotoxin was added to the pipette solution. The membrane potential was determined using perforated patch and whole-cell patch technique in the current clamp mode. For perforated patch experiment, 150 mg/ml nystatin was added to the pipette solution. The concentrations of Mg-ATP and free Ca 2+ were calculated using the commercial software Fabiato. All chemicals were obtained from Sigma Chemical (St Louis, MO, USA). Pinacidil was prepared daily as 100 mM stock solution in ethanol. SIN-1 and glibenclamide were dissolved to 100 mM stock solutions in DMSO. Dilution of the stock solution was carried out immediately before use. The final concentration of DMSO was less than 0.1%, and this concentration had no effect on K ATP channels.
Data analysis
The data are expressed as mean 7s.e.m. Paired data were analyzed by Student's t-test. Significance was established at Po0.05. Figure 1 ). This suggests that SUR1 and SUR2A may not be present in cultured human corporal smooth muscles.
Single-channel characteristics of K ATP channels in the presence of pinacidil
The unitary K channel currents were observed in cell-attached and inside-out patches of human corporal smooth muscles. The K ATP channel currents were recorded in the presence of 10 mM pinacidil. The channel opened at various membrane potentials and the reversal potential was 0 mV under symmetrical 140 mM K + conditions. Figure 2b depicts the single-channel current-voltage relations (I-V plotting) obtained from the current records shown in Figure 2a . The slope conductance fitted by linear regression was 42.072.6 pS (n ¼ 6). The Pinacidil activates K ATP currents in cultured human corporal smooth muscle cells. The channel openings in cell-attached mode were significantly increased by 10 mM pinacidil. Application of 10 mM glibenclamide, the specific K ATP channel subtype selective blocker, antagonized the effect of pinacidil in a reversible manner (Figure 3 ). In the presence of Molecular basis and characteristics of K ATP channel SO Insuk et al 10 mM pinacidil, we observed these channel currents in less than 10% of the cell-attached patch membranes (six out of 64 cells). In inside-out patches, opening of the channel was suppressed by 1 mM Mg ATP (Figure 2c ).
Effects of pinacidil on the K ATP channels in the whole-cell configuration
The whole-cell K + currents were recorded in cultured human corporal smooth muscle cells. The holding potential was À60 mV, and cells were dialyzed with 0.1 mM ADP, 0.1 mM ATP, and 140 mM K + . External K + was 60 mM. At the À60 mV holding potential, pinacidil (10 mM) was added to the bath solution. As illustrated (Figure 4) , there was a consistent increase in the magnitude of the outward K + current (214.6789.2%, n ¼ 12, Po0.05), which was blocked by the subsequent addition of glibenclamide (10 mM). Ramp currents were induced by the three ramp potential pulses from À120 to 40 mV for 400 ms. Pinacidil increased K + currents at ramp potential pulses and K + currents were completely inhibited by glibenclamide (10 mM). From these results, it was confirmed that whole-cell currents were through K ATP channels.
Effects of SIN-1 on the K ATP channels in whole-cell configuration
The nitric oxide (NO)-mediated neurotransmission (nitrergic neurotransmission) is accepted as the most important relaxant system in the process of penile erection. To investigate the effects of NO on the K ATP channels, the whole-cell K + currents were recorded at the À60 mV holding potential during exposure to bathing solution containing the NO donor, SIN-1 (200 mM). The SIN-1 induced increases in whole-cell outward K + currents (126.071.4%, n ¼ 4). The increased current by SIN-1 was inhibited by glibenclamide (10 mM). After activation of the K ATP channels by pinacidil, SIN-1 did not show more increase of K + currents ( Figure 5 ). Ramp currents were recorded using the same protocol. SIN-1 also increased glibenclamide-sensitive currents ( Figure 6 ).
Effects of pinacidil and glibenclamide on the membrane potential
We recorded the membrane potentials with the whole-cell patch (Figure 7a ) and nystatin perforated patch clamp technique (Figure 7b ). In current clamp mode, the resting membrane potential (RMP) was À49.773.8 (mean7s.e.m., n ¼ 11) with the wholecell patch clamp technique. The resting membrane potential with nystatin-perforated patch clamp technique was À51.872.8 (n ¼ 11), which was similar to that with the whole-cell patch clamp technique. The positive responses to pinadicil and glibenclamide occurred at three cells out of 11 cells in ruptured whole-cell mode (Figure 7c 
Discussion
Penile erection comprises increased arterial inflow and restricted venous outflow from the penis, which are coordinated with corpus cavernosal smooth muscle relaxation. Decreased penile vascular resistance induced by corporal smooth muscle relaxation is the most important step in penile erection. The balance between the degree of corporal smooth muscle contraction and relaxation is important in the erectile and flaccid processes. The pathologic condition that hinders relaxation of corporal smooth muscle causes heightened tone of the corporal smooth muscles, which is a condition that causes ED. The mechanism underlying the relaxation of penile smooth muscle is not fully understood. The modulation of corporal smooth muscle tone is a complex process requiring the integration of a host of intracellular events and extracellular signals. There is considerable evidence, however, that gap junctions, potassium channels, and calcium channels are major modulators of smooth muscle tone in the corporal smooth muscle 2, 10 and many other vascular tissues. 11, 12 The potassium channels have been shown to play a fundamental role in both the physiologic and pathologic regulation of smooth muscle tone in diverse tissues. In corporal smooth muscle, it appears that in addition to affecting basal tissue tone, as well as the initiation and termination Molecular basis and characteristics of K ATP channel SO Insuk et al of a contractile stimulus, potassium channels affect corporal tissue relaxation, by virtue of their ability to mediate cellular hyperpolarization. Potassium channels exhibit greater diversity than any other nonjunctional ion channel. There are at least four distinct K channel subtypes in corporal smooth muscle: (i) the calcium-sensitive potassium channel (eg, the maxi-K), (ii) the metabolically regulated potassium K channel (eg, the K ATP ), (iii) the delayed rectifier, and (iv) the fast transient A current. 3 There has been considerable variation in the single-channel conductance reported for K ATP channels in smooth muscle. Although previous electrophysiological studies have demonstrated the presence of K ATP channels in the corporal smooth muscle cells, 13 the pharmacological properties and the molecular composition of these channels have not been examined in detail. In this study, we characterized the pharmacology of K ATP channels expressed in cultured human corporal smooth muscle cells. We recorded the unitary K ATP channel that had about a slope conductance of 42 pS and showed that K ATP channels could be activated by pinacidil and inhibited by glibenclamide consistent with those typical of smooth muscle K ATP channels. Furthermore, the subunit profile together with the observed pharmacological properties suggest that the K ATP channels expressed in corporal smooth muscle are likely to be composed of SUR2B coassociated with inward rectifiers, Kir6.1 and Kir6.2. In whole-cell patch studies, SIN-1 increased glibenclamide-sensitive currents, that is, K ATP channel-specific currents. Our present data do not establish a definitive cause-effect relation between NO-induced activation of the K ATP channel on corporal smooth muscle cells in vitro and relaxation of corporal tissue in vivo. However, we showed that activation of the K ATP channel was one of the mechanisms relaxing corporal tissue by NO.
In Figure 1 , we observed transcripts for Kir6.1 and Kir6.2 in mRNA isolated from smooth muscle cells of cultured human corpus cavernosum. On the contrary, K ATP channels have been thought to be compose of Kir6.2 and SUR2B in smooth muscles such as murine colon and guinea-pig urinary bladder.
14,15 The SUR1 and Kir6.2 form the functional K ATP channel of the pancreatic beta cell and these two K ATP subunits map to the same location on human chromosome 11, 16 whereas Kir6.1 and SUR2 are located on chromosome 12.
17 Although both Kir6.1 and Kir6.2 mRNAs are abundantly expressed in the heart, 18 the expressed K ATP channels composed of Kir6.2 and SUR2A reproduced the major properties of the native cardiac K ATP channel well in terms of nucleotide regulation and pharmacology. 19 It was also reported that the gene expression of Kir6.1 and of Kir6.2 is differently regulated in cardiac tissue. 20, 21 In chick heart, ATP depletion or 21 Prolonged myocardial ischemia upregulated Kir6.1 mRNA, whereas mRNAs for Kir6.2 and SUR2 remained unchanged. 20 Thus, it is likely that the expression of inward rectifier channels of the K ATP channels in corporal myocytes would be regulated by unknown mechanisms preferring the combination of Kir6.1 and SUR2B, which is different from cardiac myocytes.
The alternative explanation is a heteromultimerization of Kir6.1 and Kir6.2 to form the pore-forming unit of K ATP channels. 22, 23 Kir6 .2 has been thought to be composed of K ATP channels with SUR2B in smooth muscles such as murine colon and guinea-pig urinary bladder. 14, 15 The conductances of Kir6.1 and Kir6.2 with SUR2A were 34.2 and 79.5 pS in symmetrical condition, respectively. 25 We could not find the channel of the conductance of about 70 pS. Identification of both Kir6.1 and Kir6.2 mRNA and the slope conductance of recorded K ATP channel in corporal smooth muscle cells suggests that K ATP channel in corporal smooth muscle cells are composed of Kir6.1 and Kir6.2, together with the ratio of 3 : 1 or 4 : 0 (as the above). The K ATP channels in corporal smooth muscle cells were not recorded in the cell-attached patches without pinacidil. Even in the presence of pinacidil, K ATP channels were recorded in less than 10% of the cell-attached patch membranes. We think that the reasons for the low recording rate are relatively due to low density of K ATP channel in smooth muscle and low open probability in the cell-attached patches. Furthermore, it appears as if the density of K ATP channels had reduced in cultured smooth muscle cells. We obtained corporal tissue from patients with, hypertension, diabetes, post-prostatectomy, spinal injury, etc. Although we could not find the differences of K ATP channels properties according to the causes of ED or age, there is some possibility that the comorbidities or aging may affect the expression/activity of these channels. Besides using cultured cells, these factors appear to be related to a low recording rate of the K ATP channel.
Conclusions
We are the first to show that K ATP channel in the human corporal smooth muscle is composed of Kir6. 1-Kir6.2 construct expressed with SUR2B by RT-PCR. These findings, taken together with the electrophysiological results, support the notion that K ATP channel in corporal smooth muscle cells are composed of the heteromultimers of Kir6.1 and Kir6.2 with the ratio of 3 : 1 or 4 : 0 and SUR2B. These data provide the foundation for future studies to evaluate the contribution of these K ATP channel subtypes in the physiology and pathology of penile erection.
